1. Introduction {#s0005}
===============

According to DSM-5, people diagnosed with a pedophilic disorder experience recurrent, intense, sexually arousing fantasies, sexual urges, or behaviors involving sexual activity with a prepubescent child or children ([@bb0015]). In recent years, increasing research has begun to investigate the physiopathology of this paraphilic disorder ([@bb0245]). Nevertheless, its mechanisms are still not completely understood.

Recent improvements in neuroimaging techniques have made it possible to study neural correlates of various brain processes, leading to functional magnetic resonance imaging (fMRI) studies investigating the neural correlates of cognitive control and salience processing. A salience network comprising the anterior insula and the dorsal anterior cingulate cortex (dACC) was proposed to be a crucial factor regarding switching between brain networks as a function of salience detection and attention regulation ([@bb0030]). These areas have also been found to be involved with cognitive processes related to sexual arousal ([@bb0115]; [@bb0225]; [@bb0165]; [@bb0230]).

fMRI studies utilizing sexual stimuli, such as pictures with sexually arousing content, have revealed differential brain activation patterns in pedophilic sex offenders (PSOs) compared to healthy control subjects (HCs). For example, [@bb0265] found significantly lower signal intensities in PSOs compared to HCs in the dorsolateral prefrontal cortex in response to sexual pictures of adults. [@bb0190] demonstrated that processing of age-preferred sexual visual stimuli in PSOs was largely similar to that in control subjects. However, significant activation in response to age-preferred visual sexual stimuli was found in the thalamus, globus pallidus and striatum in PSOs but not in HCs. Similar brain activation patterns in PSOs and HCs were also found by [@bb0195], who showed a topographical overlap in limbic structures such as the amygdala and hippocampus, substantia nigra, caudate nucleus, as well as the anterior cingulate cortex, different thalamic nuclei, and associative cortices while viewing preferred sexual stimuli. Supporting the hypothesis of prefrontal disturbances in pedophilia, abnormal activation patterns were observed in the orbitofrontal cortex, which was driven by non-activation in PSOs. [@bb0080] investigated immediate processing of erotic stimuli in male participants who were diagnosed with a pedophilic disorder and HCs. In both groups, stronger activation was found in the right temporal lobe, the right parietal lobe, and both occipital lobes during presentation of adult sexual pictures, whereas pictures of children elicited stronger activation in the right dorsomedial prefrontal cortex in both groups. An interaction of sex (male vs. female), stimulus age (child vs. adult) and participant group (patient vs. control) was reported the right anterolateral orbitofrontal cortex, which was driven by activation in the gender-preferred child condition in pedophilic subjects while controls showed a deactivation in the respective condition.

Further findings in pedophilic samples also indicate the presence of frontal brain abnormalities. For example, [@bb0110] investigated inhibitory control abilities in a go/no-go paradigm and reported divergent inhibition-related activation in the left posterior cingulate and the left superior frontal cortex between pedophilic offenders and non-offenders, while no differences were found between pedophiles and HCs. Metabolic alterations in PSOs as indicated by a deficit of the inhibitory neurotransmitter GABA in dACC ([@bb0170]), support the idea that inhibition-related alterations play an important role in this disorder. Further research showed that child sexual offending in pedophilia rather than pedophilia was found to be associated with gray matter anomalies ([@bb0200]). Moreover, decreased gray matter volume of the dorsomedial prefrontal and anterior cingulate cortex was associated with a higher risk of re-offending in PSOs as indicated by a negative correlation between gray matter volume and SSPI-2 scores (i.e. a measure of the risk of re-offending in pedophilic offenders) ([@bb0200]).

There is evidence that neural processing of sexual arousal involves both conscious and unconscious aspects ([@bb0105]; [@bb0255]; [@bb0075]). While unconscious processes are thought to be inevitable and automatic, conscious ones can be described as controlled cognitive processes in the appraisal of sexual events. If a presented sexual cue evokes a sexual meaning, the generated response subsequently leads to increased sexual arousal, including the activation of physiological responses. If not, the stimulus is categorized as nonsexual, leading to decreased sexual arousal. Higher-order cognitive processes, such as inhibitory control of sexual arousal, are also crucially involved in sexual arousal. However, the model by [@bb0105] provided evidence that even erotic stimuli that are not perceived consciously may still automatically initiate physiological responses. Findings by [@bb0275] in healthy subjects support this theory by demonstrating differential neural processing of subliminally presented pictures with sexually preferred versus non-preferred content in brain areas associated with sexual arousal.

From a clinical-therapeutic perspective, attempts to intervene in a habitual response to an acute stimulus may be initiated too late, reducing their efficacy. Active attempts to influence or adjust behavior could be more effective at the preparatory stage, when a cue indicates an imminent stimulus. For example, psychotherapeutic interventions for pedophilic disorder may be most successful when patients learn to avoid any tempting situation involving a child.

Based on these models, we hypothesize that in PSOs, deviant neural activation will already be observable during the presentation of a sexual cue that serves to indicate whether the subsequent stimulus will be more or less sexually arousing. We performed two fMRI studies to investigate whether PSOs process sexual cues differently from HCs. To examine attentional preparatory aspects of sexual information processing, we measured neural activation during an expectancy task that utilized visual cues to indicate the subsequent visual presentation of naked adults or children.

Recently, the reproducibility of neuroimaging studies has been increasingly contested due to low test-retest reliability ([@bb0040]). A meta-analysis by [@bb0020] reported that reliability can change depending on several methodological considerations that cause scanner artifacts, leading to a suboptimal estimation of the signal and its reliability over time. Therefore, questions about reliability might be better answered by repeating a study to investigate if results can be reproduced. With these considerations in mind, we performed two separate fMRI studies at separate times and using separate samples of PSOs and HCs.

2. Methods and materials {#s0010}
========================

2.1. Participants {#s0015}
-----------------

### 2.1.1. Study 1 {#s0020}

13 male non-medicated PSOs (mean age = 40.0 ± 8.9 SD) were recruited from the State Forensic Hospital Uchtspringe, Germany. At the time of data acquisition, all PSOs met the diagnostic criteria for pedophilia according to DSM-IV ([@bb0010]). Exclusion criteria were previous anti-androgenous medication, other reported psychiatric or neurological disorders, a history of drug abuse or alcoholism, and standard MRI contraindications. All patients had a history of sexual offending against children. The number of victims ranged from 1 to 10 (mean n = 4.3 ± 2.9 SD). Within the patient group, six PSOs reported exclusively heterosexual interests, three exclusively homosexual interests, and four both heterosexual and homosexual interests. All patients were exclusively attracted to children. Gender, group size, age and years of education were defined as matching criteria for the HCs (see demographics in [Table 1](#t0005){ref-type="table"}). HCs exclusively reported heterosexual interests. To ensure the absence of low intelligence scores in patients, IQ scores for verbal ([@bb0210]) and general ([@bb0100]) intelligence were assessed. The study was approved by the local ethics advisory board of the Medical School, Otto-von-Guericke-University Magdeburg. Prior to inclusion, written informed consent was obtained from all participants.Table 1Mean values ± SD of all study variables; all sample-matching criteria revealed p \> .05. EHI-Index 15 = 15-item index of the German Edinburgh Handedness Inventory; IQ-WAIS = Intelligence quotient assessed using the German Wechsler Adult Intelligence Scale).Table 1PSOsHCsStudy 1\
(1.5 T)Number1313Mean age40.0 ± 8.937.3 ± 6.5Handedness12 right, 1 left13 rightYears of education12.4 ± 1.514.3 ± 3.5Mean n of victims4.3 ± 2.9--Study 2\
(7 T)Number1313Mean age35.9 ± 10.134.7 ± 8.6Handedness\
EHI-Index (15)11 right, 2 left\
45.64 ± 60.7311 right, 2 left\
52.82 ± 65.19IQ-WAIS92.62 ± 14.30103.23 ± 19.03Mean n of victims5.31 ± 4.66--

### 2.1.2. Study 2 {#s0025}

Participants were assessed as part of a larger German multi-site research project called "Neural Mechanisms Underlying Pedophilia and Sexual Offending Against Children" (NeMUP; [www.nemup.de](http://www.nemup.de){#ir0005}), comprising five collaborative research sites from the fields of forensic psychiatry and sexual medicine located in Berlin, Bochum/Essen, Hanover, Kiel, and Magdeburg.

This second sample of PSOs comprised 13 males (mean age = 35.9 ± 10.1 SD) meeting DSM-V diagnostic criteria for a pedophilic disorder ([@bb0015]). Seven PSOs were treated with the GnRH agonist Triptorelin (Salvacyl ®) at the time of participation. The majority of the PSOs group was right-handed (n = 11) as assessed using the updated 15- item index of the Edinburgh Handedness Inventory ([@bb0145]; [@bb0050]). As in Study 1, PSOs were recruited from the State Forensic Hospital Uchtspringe in Germany. The number of victims sexually assaulted by the offenders ranged from 1 to 14 (mean n = 5.3 ± 5.01 SD). Within the patient group, two PSOs reported exclusively heterosexual interests, six exclusively homosexual interests, and five both heterosexual and homosexual interests. Eight PSOs reported exclusive attraction to children, whereas the rest (n = 5) reported sexual interest in both adults and children (pedo-teleiophilic). HCs exclusively reported heterosexual interests.

As depicted in [Table 1](#t0005){ref-type="table"}, gender, group size, age and laterality index were defined as matching criteria for both groups (PSOs and HCs). To assess the participant\'s individual verbal and general intelligence scores, means of four subtests *Similarities* and *Vocabulary* from the verbal comprehension scale as well as *Block Design* and *Matrix Reasoning* from the perceptual reasoning scale of the German version of the Wechsler Adult Intelligence Scale (4th Edition, WAIS; [@bb0260]) were used.

Exclusion criteria were a history of other psychiatric or neurological disorders and standard MRI exclusion criteria. Acute psychiatric disorders other than pedophilic disorder were ruled out using the German Structured Clinical Interview (SCID) for DSM-4-TR ([@bb0280]), the German 21-item Hamilton Depression Scale (HAM-D; [@bb0090]; excluded if \>9), and the German Hamilton Anxiety Rating Scale (HAM-A; [@bb0085]; [@bb0045]; excluded if \>17). The study was approved by the local ethics advisory board of the Medical School, Otto-von-Guericke-University Magdeburg. Prior to inclusion, written informed consent was obtained from all participants.

2.2. Imaging {#s0030}
------------

### 2.2.1. Study 1 {#s0035}

#### 2.2.1.1. Expectancy paradigm {#s0040}

During the scanning session, subjects were presented with erotic, positive-emotional, and neutral photographs depicting both males and females from the International Affective Picture System in a randomized order (IAPS; [@bb0120]). The experimental setup comprised 8 runs. Each run included 10 sexual, 10 emotional and 12 neutral photographs and added up to 13 min and 15 s. Consequently, the total number of presented pictures added up to 32 × 8 = 256 photographs. Erotic and emotional pictures were matched for emotional arousal and valence and presented in a randomized order on a mirror mounted on a standard head coil. Erotic pictures contained single and coupled stimuli of male and female adults. Prior to their use in this paradigm, the erotic pictures were rated for sexual arousal by a separate sample of 21 healthy heterosexual adults ([@bb0270]). In the scanner, participants were asked to press a button when each picture appeared, to ensure their active participation throughout the experiment. Patterns of preparatory brain activation ([@bb0025]) were measured during an expectancy period of 4--6 s that preceded the presentation of half of the pictures ([Fig. 1](#f0005){ref-type="fig"}). During this period, subjects were instructed to actively expect a particular category of picture, depending on the cue. Each cue was a white arrow presented on a dark background. Upward-pointing arrows were used to cue positive-emotional pictures, downward-pointing arrows to cue erotic pictures and rightward-pointing arrows to cue neutral pictures. To control for general anticipation effects, leftward-pointing arrows were also included, but did not provide any information about the type of picture that would subsequently appear ("ambiguous cue"). After each picture (5.0 s), a fixation cross appeared for a variable duration of 8--10s (jitter steps of 0.5 s; [@bb0175]).Fig. 1Procedures of Studies 1 and 2.A) Across 8 runs, subjects were presented erotic, emotional and neutral pictures of adults (women/men) interspersed with neutral control pictures. Pictures from each category were presented for 5 s. Half of the pictures were preceded by an expectancy cue (arrow). Each run included a total of 32 photographs (n sexual = 10, n emotional = 10, n neutral =12).B) Subjects were presented erotic pictures of male and female photographs of adults (n = 20) and children (n = 20). Pictures from each category were presented for 4 s. Half of the pictures were preceded by an expectancy cue (arrow).Fig. 1

#### 2.2.1.2. Data acquisition {#s0045}

Data were acquired on a 1.5 T General Electric Signa scanner (Signa, General Electric Medical System, Milwaukee, Wisconsin). Imaging protocol included 1) acquisition of structural data followed by 2) acquisition of functional data during the expectancy task. Following the imaging protocol previously reported by [@bb0205], [@bb0055], and [@bb0240] inversion recovery T1-weighted echo planar images (voxel size, 0.976 0.976 1.5 mm) were acquired. Images were aligned to the transversal plane through the anterior and posterior commissure and then rotated backward (flip angle = 5°). Functional echo planar functional images (402 volumes, 23 slices with 3.125 mm in-plane resolution, 5 mm thickness, 1 mm gap; T2\* weighted gradient echo sequence: TE = 40 ms, TR = 2000 ms) were acquired across eight runs.

#### 2.2.1.3. Data analysis {#s0050}

In each run, 402 functional EPI images were acquired. The first seven images were excluded to ensure a sufficient saturation of the T1 images. Consequently, the total data set included 8 × 395 = 3160 volumes for each participant. Image preprocessing and statistical analyses were performed as implemented in SPM8 (Wellcome Trust Centre for Neuroimaging, London, United Kingdom). To correct for head movement, volumes were realigned to the first image and mean-adjusted by proportional scaling. Next, images were resliced, and normalized into standard MNI space (Montreal Neurological Institute, isotropic 3 mm resolution). Finally, transformed data were smoothed with an 8 mm full-width half-maximum Gaussian kernel. Low-frequency drifts in signals were removed by means of a 128 s high-pass filter.

First-level analysis was modeled using a block design approach with a canonical HRF. Regressors of interest included time blocks for expectancy of erotic adult (XAD), neutral, positive-emotional, and ambiguous cues. Regressors for each picture-viewing condition and fixation-viewing were also included. Effects were calculated with GLM modeling in SPM8. In order to investigate anticipation effects for erotic adult images, XAD \> fixation was defined as the primary contrast of interest. For motion correction purposes, rigid motion parameters from the subjects\' rp-files were included as regressors in the analysis. Contrasts generated in the first-level analysis were then used for second-level analysis. Group comparisons between HCs and PSOs were tested with a two sample *t-*test in a random effects model. Age was included as a covariate.

For all whole-brain analyses, the threshold of statistical significance was set at p \< .05 and FWE cluster-level corrected with a conservative cluster-defining primary threshold of p \< .001, uncorrected, in response to recent criticism regarding inflated false positives when using less-stringent initial height thresholds ([@bb0065]). Analyses investigating exclusively picture perception in the same sample were previously published by [@bb0265].

During review it was suggested by the reviewer to provide information about the contrast expectancy sexual picture adult (XAD) \> emotional picture (PEMO), HCs \> PSOs. We report the results in Supplementary Fig. 1, however, one should be aware that this contrast is confounded by two factors 1) emotion (sexual vs. emotional) and 2) task (expectancy vs. viewing) thus the interpretation may become very difficult and incomplete without even further contrasts.

### 2.2.2. Study 2 {#s0055}

#### 2.2.2.1. Expectancy paradigm {#s0060}

MR data were obtained between 10 a.m. and 12 p.m. on the same weekday. Prior to the fMRI task, magnetic resonance spectroscopy (MRS) data were acquired in the same scan session ([@bb0170]). Subjects were instructed to view a total of 45 photographs depicting whole-body frontal views of either a naked adult or a naked child in randomized order. Both male and female pictures were included for both age groups. In each picture, only one person was visible without additional context. Photographic material depicting naked adults and children has been utilized in previous fMRI studies ([@bb0160]; [@bb0250]). In order to trigger an erotic neural connotation of the adult sexual stimuli, males displayed signs of genital arousal (e.g., erect penises). Pictures depicting naked adults were open-access photos from the internet. Validation of the pictures was performed by [@bb0160] via valence and arousal ratings. In that study, mean ratings of sexual stimuli were in concordance with participants\' reported sexual orientations (for further information, see [@bb0160]).

Expectancy task was presented using Presentation (Version 18.0, Neurobehavioral Systems, Inc., Berkeley, CA) via New projector JVC DLR-RS49E and a coil-mounted mirror in the scanner. In accordance with Study 1, half of the pictures were preceded by an anticipation period of 3--5 s (jitter steps of 1.0 s). The other half, presented immediately after the fixation cross, were considered "unexpected" (uncued) pictures. Subjects were instructed to actively expect a particular category of picture, depending on the cue. Upward-pointing arrows were used to cue adult pictures and downward-pointing arrows to cue child pictures ([Fig. 1](#f0005){ref-type="fig"}). After picture presentation (4.0 s), a fixation cross was shown for a variable duration of 7.5--14.5 s (jitter steps of 0.5 s).

#### 2.2.2.2. Data acquisition {#s0065}

T1 anatomical volume images and functional magnetic resonance images were acquired using a 7 T MR scanner (Magnetom 7 T, Siemens, Erlangen, Germany) with a 32-channel head array coil. Anatomical images were acquired for anatomical reference with a MPRAGE sequence (TE = 2.73 ms, TR = 2300 ms, TI = 1050 ms, flip angle = 5°, bandwidth = 150 Hz/pixel, isotropic voxel size = 0.8 mm^3^). Individual anatomical images were segmented and used for co-registration. Functional single-shot echoplanar imaging (EPI) sequence was obtained using the following parameters: TE = 22 ms, TR = 2.8 s, flip angle = 80°, number of volumes = 300, slices = 62, slice thickness = 2 mm, voxel size = 2 mm^3^. Online motion correction was performed ([@bb0220]). Functional images were acquired using interleaved slice order with an ascending direction and with the reference slice at the beginning. Whole brain coverage was obtained including cerebellum and brainstem.

[@bb0130], [@bb0135] demonstrated that the use of ultra-high-field MRI, in principle, results in an increased signal-to-noise ratio. Further, they demonstrated that sufficient contrast-to-noise ratio can be reached with one long run of 13 min by removing negative and neutral stimuli. Following these conclusions, we performed only one run (15 min) in this fMRI study.

#### 2.2.2.3. Data analysis {#s0070}

fMRI data were preprocessed using the SPM8 software package (Wellcome Trust Centre for Neuroimaging, London, United Kingdom) running on MATLAB R2013b (MathWorks, Inc., Natick, Massachusetts, United States). The first three volumes were discarded to obtain stable signal and avoid initial movement of the participant. Preprocessing included slice timing, realignment, segmentation, image calculation, co--registration, deformation and smoothing with a 4 mm full-width-at-half-maximum Gaussian kernel. Functional images were filtered by means of a 128 s high-pass filter to remove slow signal drifts.

First level analysis was modeled using a block design approach with a canonical HRF. Regressors of interest included time blocks for expectancy of an adult (XAD), expectancy of a child (XKI), picture of an adult (PAD), picture of a child (PKI) and fixation (fix). In addition to realignment, the covariates included 6 rigid motion parameters from the non-online corrected data set.

For second-level analysis, an ANOVA was performed with a full factorial 2x2x2 design with two within-subjects factors (condition: expectancy vs. picture-viewing; stimulus age: child vs. adult) and one between-subjects factor (group: PSOs vs. HCs). Age was defined as a covariate. F-contrasts were calculated in order to assess main effects of task, stimulus age, and group, as well as the interaction between these factors. Follow-up two-sample *t*-tests were performed in order to determine the direction of the differential activations during expectancy and picture-viewing between HCs and PSOs. Age was again defined as covariate of nuisance. As in Study 1, we tested for task activation on the whole-brain level at a statistical significance of p \< .05, FWE cluster level corrected with a cluster defining primary threshold of *p* \< .001, uncorrected.

In post-hoc exploratory analyses, contrast estimates derived from significant clusters were analyzed using SPSS (IBM SPSS Statistics 20, Chicago, IL, USA). Shapiro-Wilk test was performed to test for normality of the sample distribution followed by Levene\'s test of homogeneity of variances. Task activation clusters for both studies were visualized using BrainNet Viewer ([@bb0285]) and MRIcron software (University of South Carolina, Columbia, SC, USA; <https://people.cas.sc.edu/rorden/mricron/index.html>).

3. Results {#s0075}
==========

3.1. Demographics {#s0080}
-----------------

In both studies, *t*-tests did not reveal any significant differences (p \> .05) between HCs and PSOs with respect to age, handedness, or IQ score ([Table 1](#t0005){ref-type="table"}). PSOs showed normal IQ scores (verbal IQ = 97 ± 14.5; general IQ = 110 ± 12) in Study 1. In Study 2, as described above, no subjects were included with HAM-A scores \>17 (subjects\' range = 0--17) or HAM-D scores \>9 (subjects\' range = 0--9). Mean HAM-A scores of PSOs (Mean ± SD = 3.85 ± 5.01) did not differ significantly from HCs (Mean ± SD = 1.46 ± 1.45, t(13.99) = 1.65, p = 0.122). Mean HAM-D scores of PSOs (Mean ± SD = 3.38 ± 2.57) were significantly higher than for HCs (Mean ± SD = 1.23 ± 1.92, t(24) = 0.841, p = 0.023).

3.2. Study 2 ANOVA: Main effects and interactions {#s0085}
-------------------------------------------------

Besides significant main effects of stimulus age, group, and task ([Table 2](#t0010){ref-type="table"}) analysis revealed a significant interaction effect for group × stimulus age × condition in various brain regions, among them the dACC (Supplementary Fig. 2). In order to provide information about the directionality of the observed effects, color-labelled brain views in Supplementary Fig. 3 depict brain regions for the respective t-contrasts with significant main and/or 2 × 2 interaction effect. Difference between expectancy and picture conditions for child versus adult stimuli between groups was investigated in order to understand the direction of the effects of the 2 × 2 × 2 interaction ANOVA. Results were visualized in Supplementary Fig. 4 utilizing bar charts for significant brain regions, among them the dACC.Table 2Results table for Study 2 depicting significant main effects and their interaction in a 2 × 2 × 2 ANOVA. The design included two between-subjects factors: condition (anticipation vs. picture-viewing) and stimulus age (child vs. adult), and one within-subjects factor: group (PSOs vs. HCs).Table 2F-contrastBrain regionSideMNI coordinatesCluster extent in voxelPeak F-valueCluster-level pFWExyz1)Main effect of stimulus age\
(child vs. adult)Fusiform gyrusR20−84−841737.58\<0.001Superior occipital gyrusL−14−94243530.65\<0.001Superior parietal lobuleL−38−485823127.88\<0.001PCCR8−503020422.71\< 0.001Supramarginal gyrusR66−20348517.280.0132)Main effect of condition\
(expectancy vs. picture-viewing)Calcarine gyrusL−8−82814,513147.57\<0.001Precentral gyrusL−36−450182396.93\<0.001Anterior insulaL−3222040383.30\<0.001SMAL−8658570179.91\<0.001ThalamusR4−20−260764.58\<0.001MCCR6−163077757.74\<0.001Middle temporal gyrusR42−624715.810.032Middle temporal gyrusR58−26−10225137.87\<0.001Inferior parietal lobuleL−32−5238172236.26\<0.001PallidumR204410132.980.005Angular gyrusL−42−703033231.58\<0.001PrecuneusR10−684436028.99\<0.001Middle frontal gyrusL−32521651927.92\<0.001Inferior temporal gyrusL−50−20−2069326.01\<0.001Middle orbital gyrusR3058−822321.78\<0.001Angular gyrusR44−60267819.010.020Inferior frontal gyrusR4444−188218.580.0153)Main effect of group\
(PSOs vs. HCs)Inferior temporal gyrusL−62−24−227223.450.0304)Interaction\
stimulus age × groupSuperior parietal lobuleL−26−645480731.77\<0.001Anterior insulaL−2824411530.200.002Superior occipital gyrusR26−644034326.94\<0.001Inferior occipital gyrusL−44−76−816418.15\<0.0015)Interaction\
condition × groupCalcarine gyrusR2−8489720.580.0066)Interaction\
stimulus age × conditionSupramarginal gyrusR62−42288220.410.015Anterior insulaL−3616−47318.090.0287)Interaction\
stimulus age × condition × groupdACCR2243854525.74\<0.001Rolandic operculumR−512358819.650.010CuneusL−10−70258018.360.009Middle frontal gyrusR26483010617.750.003

3.3. Task-related brain activity during expectancy {#s0090}
--------------------------------------------------

### 3.3.1. Study 1 {#s0095}

Neural correlates of preparation for subsequent sexual images were investigated by comparing the contrast expectancy of adult sexual stimuli \> fixation cross between groups (XAD \> fix, HCs \> PSOs) in a two-sample *t*-test. PSOs exhibited significantly reduced BOLD activation in dACC when expecting sexual pictures of adults, compared with HCs (cluster level *p*~FWE~ = 0.001, k = 296, [Fig. 2](#f0010){ref-type="fig"}). The cluster showed an overlap with the supplementary motor area (SMA). Local peaks of the cluster were at MNI 0, 18, 51, *t* = 4.30; MNI 0, 18, 42, t = 4.30; and MNI 12, 3, 72, *t* = 4.84. No significant results of the inverse contrast (fixation cross \> expectancy of adult sexual stimuli) were found.Fig. 2Brain views show a cluster with significantly greater signal changes (p~FWE~ \< 0.05) in healthy control subjects, relative to PSOs, for the contrast of erotic adult expectancy \> fixation (XAD \> fix, HCs \> PSOs) at 1.5 T (Study 1). Illustrated cluster in dACC and SMA, k = 296; cluster threshold was set at k = 90 voxels.Fig. 2

A reproduction of the effects in dACC for the contrast XAD \> Xneutral pictures was requested during review which is provided in Supplementary Fig. 5.

### 3.3.2. Study 2 {#s0100}

As here, we are particularly interested in exploring the group related brain activations of stimulus age (adult vs. child cue) within the expectancy condition, a follow up two-sample *t*-test of the contrast expectancy of adult sexual stimuli \> expectancy of child sexual stimuli between HCs and PSOs (XAD \> XKI, HCs \> PSOs) was analyzed. PSOs exhibited significantly reduced BOLD activations, relative to HCs, in dACC, bilateral middle frontal gyrus, bilateral anterior insula, right superior and left inferior parietal lobule and left middle occipital gyrus ([Fig. 3](#f0015){ref-type="fig"}, [Table 3](#t0015){ref-type="table"}).Fig. 3Brain views show regions with significantly greater signal changes (p~FWE~ \< 0.05) in HCs, relative to PSOs, for the contrast of adult expectancy \> child expectancy at 7 T (Study 2). Cluster threshold was set at k = 68. Expecting pictures of naked adults leads to decreased dACC signal in PSOs (other clusters are listed in [Table 3](#t0015){ref-type="table"}).Fig. 3Table 3Results table for Study 2 depicting significant task effects for expectancy of adult \> child picture for HCs \> PSOs (XAD \> XKI, HCs \> PSOs). Age was included as a covariate.Table 3Brain regionSideMNI coordinatesCluster extent in voxelPeak t valueCluster-level pFWExyzDorsal anterior cingulate cortexL/R024388827.43\<0.001\*Middle frontal gyrusR40−2522046.51\<0.001Anterior insulaL−282641476.44\<0.001Superior parietal lobuleR28−66524566.18\<0.001Middle frontal gyrusL−285420995.680.003Middle occipital gyrusL−30−80261345.24\<0.001Anterior insulaR3428−4694.970.025Inferior parietal lobuleL−42−4650914.720.005[^1]

The topographical overlap of dACC clusters during anticipation in Studies 1 and 2 is highlighted in [Fig. 4](#f0020){ref-type="fig"}.Fig. 4Brain views show dACC cluster overlap between Studies 1 and 2. Red depicts Study 1 results at 1.5 T for contrasts of expectancy of adult sexual stimuli \> fixation in HCs \> PSOs (XAD \> fix, HCs \> PSOs). Yellow depicts Study 2 results at 7 T for contrasts of expectancy of adult sexual stimuli \> expectancy of child sexual stimuli in HCs \> PSOs (XAD \> XKI, HCs \> PSOs).Fig. 4

### 3.3.3. Dual preference specificity {#s0105}

In a post-hoc exploratory analysis, beta estimates of the baseline contrasts for both expectancy conditions (XAD \> fix; XKI \> fix) were calculated separately for PSOs and HCs in dACC (MNI 0, 24, 38). [Fig. 5](#f0025){ref-type="fig"}A depicts mean beta estimates of Study 1, whereas [Fig. 5](#f0025){ref-type="fig"}B depicts results of Study 2. In contrast to HCs, PSOs did not show significant activations when expecting a picture of an adult (XAD \> fix) in either study. DACC effects that were found for adult stimulus in Study 1 have been corroborated in Study 2.Fig. 5A) Mean beta estimates for expectancy of adult sexual stimuli \> fixation in dACC at MNI \[0 18 42\] in Study 1 (1.5 T). In this graph, error bars represent standard error.B) Bar chart depicting preference specificity for erotic adult anticipation and erotic child expectancy conditions in Study 2 (7 T). Beta estimates were derived from baseline contrasts (condition \> fixation) in dACC at MNI \[0 24 38\].Fig. 5

In Study 2, the groups demonstrated an inverse pattern while expecting a picture of a child (expectancy of child sexual stimuli \> fixation; [Fig. 5](#f0025){ref-type="fig"}B). In sum, PSOs showed significantly greater activation when expecting a child, relative to an adult (expectancy adult picture \> fixation vs. expectancy child picture \> fixation; t~12~ = −4.32, p = .001), whereas HCs showed significantly greater activation when expecting an adult relative to a child (t~12~ = 5.36, p \< .001). A two-sample t-test comparing beta estimates for expectancy of child sexual stimuli \> fixation revealed significantly increased dACC activation in PSOs as compared to HCs (t~12~ = 3.17, p = .005). On a trend level, a two-sample t-test for expectancy of adult sexual stimuli \> fixation revealed somewhat stronger dACC activation in HCs than in PSOs (t~24~ = −1.92, p = .066).

3.4. Task-related brain activity during picture-viewing {#s0110}
-------------------------------------------------------

The contrast of erotic adult picture-viewing \> erotic child picture-viewing (PAD \> PKI, HCs \> PSOs) was used to investigate whether presented images of naked adults and children were processed differently across groups. PSOs exhibited significantly reduced BOLD activations, compared with HCs, in bilateral inferior occipital cortex, cerebellum, bilateral middle occipital gyrus, and hippocampus ([Table 4](#t0020){ref-type="table"}, [Fig. 6](#f0030){ref-type="fig"}A).Table 4Results table for Study 2 depicting significant task effects for sexual adult picture-viewing \> sexual child picture-viewing for HCs \> PSOs (PAD\>PKI, HCs \> PSOs). Age was included as a covariate.Table 4Brain regionSideMNI coordinatesCluster ex-tent in voxelPeak t valueCluster-level pFWExyzInferior occipital gyrusL−48−62−124466.70\<0.001CerebellumR24−84−201085.880.001Middle occipital gyrusL−30−88221345.56\<0.001Middle occipital gyrusR32−8216955.560.003Middle occipital gyrusR40−7401425.23\<0.001HippocampusL−18−32−4614.930.041Inferior temporal gyrusR48−70−101014.910.002[^2]Fig. 6A) Brain views show regions with significantly larger signal changes (p~FWE~ \< 0.05) in HCs, relative to PSOs, for the contrast adult picture-viewing \> child picture-viewing (PAD\>PKI, HCs \> PSOs) at 7 T (Study 2).B) Bar chart depicting preference specificity for erotic adult picture-viewing \> erotic child picture-viewing in Study 2 (7 T). Beta estimates were derived from baseline contrasts (condition \> fixation) in inferior occipital gyrus at MNI \[−48--62 -12\]. In this graph, error bars represent standard error.Fig. 6

As in the expectancy analyses, we also performed a post-hoc exploratory analysis comparing beta estimates of the global maximum in inferior occipital cortex (MNI -48, −62, −12) during erotic picture-viewing. Analyses did not reveal significant differences between contrasts for adult picture-viewing \> fixation vs. child picture-viewing \> fixation in PSOs (t~12~ = −1.52, p = .152, [Fig. 6](#f0030){ref-type="fig"}B), whereas HCs displayed significantly greater activation when viewing a picture of a naked adult compared to a naked child (t~1~ = 10.54, p \< .001). PSOs showed greater activation than did controls in the contrast of child picture-viewing \> fixation (t~24~ = 2.43, p = .023). There was no significant difference in brain activation for erotic adult picture-viewing \> fixation across groups (t~24~ = 0.573, p = .572). There were also no other statistically significant differential activations in the whole brain for the contrast PKI \> fix between groups.

Contrast estimates of expectancy and picture-viewing in the two peak voxel coordinates (dACC and inferior occipital cortex) were plotted in a graph and revealed minimal overlap between groups (Supplementary Fig. 6).

One-way ANOVA and Tukey\'s Honest Significant Difference test were performed in order to investigate if brain responses in dACC and inferior occipital gyrus during expectancy and picture-viewing showed statistically significant differences between medicated and non-medicated PSOs in study 2. Analyses utilizing all three groups (medicated PSOs, non-medicated PSOs, and HCs) revealed a main effect of group on brain response during the expectancy of a child \> fixation contrast (F(2) = 5.456, p = .012). Post-hoc testing was performed using Tukey\'s Honest Significant Difference test. Brain response was significantly different between non-medicated PSOs and controls for this contrast (p = .015), but medicated and non-medicated PSOs did not differ significantly (p \> .05; Supplementary Fig. 7).

4. Discussion {#s0115}
=============

By including an expectancy period in a sexual information processing fMRI paradigm, we demonstrated differential activation patterns between PSOs and healthy control subjects in dACC, even before explicit sexual stimuli were actually presented. Effects for dACC were found in two separate samples. In addition to reproducing significant group effects during anticipation of erotic adult images (Studies 1 and 2), we were able to detect preference specificity for expectancy of adult versus child stimulus (Study 2). We also found differential activation while viewing adult versus child picture between the two groups; these differences were evident mainly in visual areas. However, in contrast to anticipation analyses, we did not find a clear disordinal interaction, as indicated by the non-significant post-hoc contrast difference for erotic adult versus child stimuli in PSOs.

PSOs exhibited increased dACC activity while anticipating their preferred sexual stimulus, indicating an abnormal reaction to the expectation of images of children. The present results corroborate previous models of sexual arousal ([@bb0230]) by demonstrating activation in several regions within the (sexual) salience network during anticipation or viewing of relevant sexual stimuli. However, differences in activation depended on the experimental condition. For example, explicit processing of sexual images was accompanied by activation of a middle and inferior occipital cluster. Moreover, following the model by [@bb0230], it is a consideration that during expectancy increased activation of the anterior insula and dACC might reflect an increment of hedonic quality (insula) in combination with potential cognitive and/or behavioral consequences (dACC), induced by the imagination of maximal preferred sexual content. Peaks of the dACC cluster were also located in the SMA, which supports previous evidence for sexual orientation-specific motor preparation processes in human sexual behavior ([@bb0180]). Moreover, [@bb0155] showed that dACC activation is an important neural correlate of sexual desire in both sexes.

The dACC is involved in two main functions which can be considered opposite: 1) salience detection and desire on the one hand and 2) behavioral inhibition on the other hand. As a brain area involved in anticipation ([@bb0025]; [@bb0130]; [@bb0125]) and one of the core structures of the salience network ([@bb0035]; [@bb0215]), the dACC seems essential for sexual arousal, as it builds a bridge between salience signal input (salience detection) and performance output (cognitive control). [@bb0125] postulated that the dACC\'s role in the salience network may be as a causal outflow hub involved in receiving and processing internal and external signal inputs, detecting salient events, and initiating the corresponding cognitive controls, which in turn regulates homeostatic state and physical behavior. As such, the dACC is essential for the control of goal-directed behavior. Accordingly, and with particular emphasis on the dACC\'s key role in reward monitoring and salience processing ([@bb0095]), expectancy of preferred sexual input may be associated with potential cognitive and behavioral consequences that facilitate activation in this area. Moreover, this region is essential for coupling information about reinforcers with motor centers essential for affect expression and for execution or inhibition of goal-directed behavior ([@bb0005]). Given the dACC\'s role within the salience network, abnormal dACC activity in pedophilic sex offenders might reflect altered network connectivity, which, in turn, could be the consequence of established structural brain abnormalities in pedophilic offenders ([@bb0150]).

On the other hand, the observed expectancy-related activation patterns in the dACC for preferred sexual stimuli in PSO cohorts confirms a well-known phenomenon seen in physiological condition in normosexuals. Therefore, our results can also be interpreted as a reflection of altered preference. Importantly, our results also suggest that differences during expectancy have much more potential to differentiate between groups than do the effects observed during picture viewing. A reason for this might be that preparatory activation is less susceptible to attentional manipulations and, therefore, is more sensitive to the context of sexual preference detection, as compared to more explicit conditions. Although we found significant group effects during picture-viewing, it is remarkable that effects during expectancy were much stronger and more specific ([Table 3](#t0015){ref-type="table"}, [Table 4](#t0020){ref-type="table"}; [Figs. 5](#f0025){ref-type="fig"}B and [6](#f0030){ref-type="fig"}B). Accordingly, preference diagnostics and other potential clinical assessments may benefit from taking into account stimulus anticipation parameters, rather than exclusively focusing on viewing conditions, since the latter revealed non-specific activations in the present study.

With regard to preventive therapeutic approaches, research suggests that cognitive-behavioral techniques, including reorganization of cognitive distortions and empathy training to teach the suppression of sexual arousal to children, may be effective for people with pedophilic disorder ([@bb0070]). An fMRI study by [@bb0110] on response inhibition showed that non-offending pedophilic participants exhibited superior inhibitory control than did pedophilic offenders or healthy controls, as reflected by a significantly decreased rate of commission errors. Moreover, [@bb0060] showed that pedophilic offenders exhibited impaired performance on behavioral inhibition measures. [@bb9955] supported these observations using the Cambridge Automated Neuropsychological Test Battery (CANTAB) in men grouped according to presence vs. absence of 1) history of sexual offending against children and 2) diagnosed pedophilic disorder. Both groups of child sex offenders exhibited inferior response inhibition capability, relative to both groups of men without any history of child sexual offending, regardless of pedophilic disorder status. These results suggest that neurocognitive dysfunction is related to offense status, rather than pedophilic preference. In line with these observations, research by [@bb0185] found specific inhibitory deficits in pedophilic sex offenders as compared to non-sexual offenders and non-offender controls. Neurocognitive deficits in PSOs, as indicated by worse performance than controls on measures of behavioral inhibition and information processing, were further established by ([@bb0235]). Clinical measures of risk of re-offending were significantly associated with decreased local gray matter volume in the anterior cingulate cortex, suggesting an impaired functioning of this brain region especially with regard to its critical role in cognitive inhibitory control processes ([@bb0200]). Recent research has also pointed towards disinhibitory processes in dACC, reflected by decreased levels of the inhibitory neurotransmitter GABA in pedophilic sex offenders, which correlated with lower subjective self-control ratings and higher impulsivity scores ([@bb0170]). In conclusion, these findings emphasize the crucial role of inhibitory control capacity in sexual offending, suggesting that neurocognitive processes play an important role in reducing or controlling sexual urges.

4.1. Limitations {#s0120}
----------------

Studies with PSO are often performed with small sample sizes due to difficult study settings and challenging patient recruitment, consequently limiting the studies\' statistical power by increasing the margin of error and overestimating effect sizes ([@bb0040]). This might explain why consistency across studies with PSOs is rather small ([@bb0245]; [@bb0140]). Although multi-site studies are a promising means to overcome these issues, they remain time-consuming given federal restrictions, limited access to patients in suitable institutions, and long-term stays in forensic institutions. Besides multi-side approaches, another option is to perform data acquisition over long period. Considering the fact that stability of scanner situations is limited, we decided to perform two studies in order to reproduce small sample fMRI findings.

One important consideration in the interpretation of these findings is that in Study 2, the experimental paradigm was changed to allow for analysis of differences between erotic child and adult stimuli. The introduction of the child stimuli and the reduction of repeats per category should be considered an effective but consequential adjustment of the original design. For example, dACC activation in the expectancy of an adult picture \> fixation contrast, which was significant in Study 1, was only marginally significant (p = 0.066) in Study 2 ([Fig. 5](#f0025){ref-type="fig"}B). Therefore, in the interest of precision given our lower levels of confidence in these findings, "reproduction" may be a more accurate description of the results than "replication."

Keeping in mind that subjects were instructed to actively expect the stimulus depending on the cue, the performed tasks are not able to investigate pre-attentive or implicit processes of sexual processing. Aim of this design was rather to investigate neural correlates of explicit attentional preparatory processing.

Moreover, we are not able to link our findings to behavioral effects of stimuli. For example, acquisition of ratings for sexual arousal induced by the expectancy of each type of picture and by the presentation of each type of pictures, in both groups, would have been useful to interpret results.

A further limitation is that in Study 2, seven PSOs received an androgen deprivation therapy. Mitigating this potential concern, PSOs with and without medication did not differ significantly in brain response (Supplementary Fig. 7). Additionally, the dACC effects in Study 2 paralleled findings from Study 1, in which no participants were taking or had ever taken anti-androgenous medication. Nonetheless, medication effects in Study 2 cannot be fully ruled out.

A final limitation is that only PSOs and healthy (non-pedophilic) adults were included in our study samples. Hence, we cannot distinguish whether the observed abnormalities are related to sexual preference, child sexual offending, or both. Future studies should include pedophilic non-offenders to address this question.

Besides the dACC which is of specific interest in this paper, there are also other brain regions that were reported in other contrasts of our results section ([Table 2](#t0010){ref-type="table"}). Further exploration of these regions which have been reported in previous literature ([@bb0140]) may also contribute to understanding the underlying neurobiological mechanisms of this disorder.

5. Conclusion {#s0125}
=============

The current study demonstrated differential dACC activation in pedophilic sex offenders, compared with healthy controls, for the expectancy of explicit sexual images of both children and adults. During picture-viewing, only the processing of material depicting children differed from that of healthy controls. These results emphasize the importance of the dACC for processes involving salience and sexual arousal, and further suggest that anticipatory activation is more relevant than picture-viewing activation for the distinction of pedophilic sex offenders versus non-pedophilic non-offenders.

Appendix A. Supplementary data {#s0140}
==============================

Supplementary materialImage 1
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[^1]: Peak voxel coordinates, p \< .05 FWE cluster-level corrected \*dACC cluster at \[0 24 38\] was also peak level significant *p*~FWE~ \< 0.05 FWE-corrected (p = .018).

[^2]: Peak voxel coordinates, p \< .05 FWE cluster-level corrected.
